Abstract Evidence indicates that oxidative stress inhibits cell proliferation in several cell systems. To determine whether the proliferation of Caco-2 cells is inhibited by oxidative stress and to identify any novel key regulatory factors involved in protecting or damaging the intestine from oxidative stress, Caco-2 cells were treated with an oxidizing agent and analyzed by transcriptomic oligonucleotide microarrays. Results indicated that expression of genes involved in cell proliferation and growth, including genes involved in lipid synthesis, cell cycle progression and cell division, angiogenesis, RNA processing and translation, cAMP metabolism, cytoskeleton and cell to cell adhesion, receptor tyrosine kinases, and intracellular and extracellular signaling, were repressed. If an oxidant-induced inhibition in cell proliferation is involved in the pathogenesis of intestinal disease, information gained could help explain the mechanisms contributing to the causes and consequences of intestinal disease and could aid in the elucidation of mechanisms by which intestinal cells protect against oxidative stress.
Introduction
Reactive oxygen species (ROS), such as hydrogen peroxide (H 2 O 2 ), are implicated in the origination and development of inflammatory bowel disease (IBD), ischemia-reperfusion injury, intestinal cancer, and other chronic intestinal disorders [1, 2] . The intestinal epithelium is continuously exposed to ROS from xenobiotics, toxins, catalase-negative bacteria, cast-off mucosal cells, and ingested food [1] ; therefore, factors that protect intestinal epithelial cells from oxidative stress and that are responsible for the manifestation of the epithelium's integrity must be identified. Over evolutionary time, respiring organisms and specific tissues in these organisms were forced to develop protective mechanisms that could maintain the level of oxidation or damage from oxygen-derived free radicals, such as superoxide anion, H 2 O 2 , and the hydroxyl radical low. The gastrointestinal (GI) tract is equipped with defense systems designed to eliminate potentially damaging and disease causing ROS, H 2 O 2; although the exact mechanism is not completely understood.
The human colonic adenocarcinoma cell line, Caco-2 cells, is widely used in research as an in vitro intestinal model [2] . Caco-2 cells differentiate spontaneously when grown to confluence [2, 3] . This differentiation is a function of time. Even though this cell line is derived from colon cancer cells, Caco-2 cells begin resembling normal small intestinal epithelial cells or enterocytes at about 4 days after confluence [4] . Although some differences exist between Caco-2 cells and human tissue [5] , other research [3] has demonstrated the use of Caco-2 cells as a feasible model for in vivo intestinal studies. For example, the gene expression of certain enzymes in Caco-2 cells was similar to the gene expression of these same enzymes in human intestinal resections. Moreover, transcriptome changes during differentiation of Caco-2 cells were comparable to the changes found in mouse small intestinal crypt and villous cells [3] .
Oxidative stress occurs in a cell or organism when there is an imbalance in the generation and removal of ROS [6] . Hydrogen peroxide can damage DNA, lipids, and proteins if there is a concentration of more ROS than the organism's antioxidant systems can dispose of efficiently [6, 7] . Many studies have exemplified the role of H 2 O 2 in the generation of destructive free radicals and DNA damage [2, 7, 8] . To keep destructive free radical levels low, H 2 O 2 can be metabolized by the intrinsic antioxidant enzymes, catalase and glutathione peroxidase (GPX) [8] , in the intestine, but other defense mechanisms for the intestine exist. Evidence indicates that oxidative stress induces inhibition of cell proliferation in a number of cell systems [1] . This oxidant-induced inhibition of cell proliferation may be involved in the pathogenesis of intestinal disease [1] . Therefore, prevention of damage by oxidative stress or H 2 O 2 must also involve cell rescue and defense processes that help maintain cellular integrity by proper equilibrium between DNA repair, DNA replication, cell proliferation, apoptosis, stress response, and other conditions that allow the cell to prevent and cope with oxidation [1, 6] .
To identify any novel key regulatory factors involved in protecting or damaging the intestine from oxidative stress, H 2 O 2 was used to produce oxidative stress in Caco-2 cells followed by a transcriptomic analysis using microarrays. Transcription of genomic DNA to produce mRNA is the first step in the process of protein synthesis and is indicative of a cell's response to some environmental stimulus, in this case H 2 O 2 . Other microarray studies [6, [9] [10] [11] [12] [13] have successfully provided information about cellular processes and molecular mechanisms of organisms. To seek links between gene expression patterns and the processes of intestinal disease development, this study analyzed the change in expression of approximately 13,000 human genes in Caco-2 cells after treatment with H 2 O 2 through the use of an oligonucleotide microarray. It is expected that the collected data will improve the understanding of the consequences of oxidation to the intestine. This information may also be important in preventing intestinal disease and improving health, perhaps by the manipulation of specific molecular targets with selective nutritional antioxidant agents in individuals at risk for intestinal disease.
Materials and methods

Cell culture
Caco-2 cells (ATCC, Manassas, VA) were maintained by serial passage in 75-cm 2 culture flasks at 37
• C and 85-90% relative humidity in an incubator supplied with 5% CO 2 . The cells were grown in 15 ml of Dulbecco's Modified Eagle Medium (DMEM; GIBCO TM , Grand Island, NY) containing, per volume, 20% fetal bovine serum, 1% l-glutamine, 1% penicillin/streptomycin, and 1% nonessential amino acids. New culture medium was supplied every 48 hr. After attaining confluence, the cells were harvested using trypsin and split (1:2).
Flow cytometry
Flow cytometry was used to determine the appropriate concentration of H 2 O 2 to use as the oxidizing treatment on the Caco-2 cells without producing cytotoxic effects. The concentration of the selected H 2 O 2 level corresponded to > 95% cell viability. Cells were grown until confluent. Duplicate samples of control and 50 µM, 75 µM, and 100 µM H 2 O 2 -treated cells were incubated at 37
• C for 30 min and were collected after trypsinization in DMEM. Total number of cells per millimeter in control flasks was calculated using a hemocytometer. After pelleting by centrifugation, cells were fixed with 70% ethanol and resuspended in 0.1% Triton-X solution to obtain 1 million cells/ml. To 2 ml of cells, 5 µg/ml propidium iodide and 5 µg/ml RNase for DNA staining were added. The cells were placed on ice until analysis [14] . Stained cells were analyzed by fluorescence-activated cell scan (FACS; Becton Dickinson, San Jose, CA) flow cytometry and ModFit software to determine the number of viable cells, cell cycle phase distribution, and percentage of nuclei with hypodiploid content, which is indicative of apoptosis-associated nonrandom DNA fragmentation [14] .
H 2 O 2 treatment of cells
A 100 mM stock solution of H 2 O 2 (Sigma Chemical, St. Louis, MO) was diluted to a final concentration of 75 µM in serum-free DMEM (SFDMEM) containing, per volume, 1% l-glutamine, 1% penicillin/streptomycin, and 1% nonessential amino acids. Medium was aspirated from 16 flasks of Caco-2 cells (passage 44) and cells were washed with phosphate-buffered saline (PBS). Fifteen milliliters of supplemented SFDMEM was added to eight control flasks, which were then incubated at 37
• C with 5% CO 2 for 30 min. Fifteen milliliters of 75 µM H 2 O 2 in supplemented SFD-MEM was added to eight treatment flasks, which were then incubated at 37
• C with 5% CO 2 for 30 min. After incubation, medium was aspirated and cells were washed with PBS.
RNA isolation and purification
Total RNA was isolated from each sample using TRIzol (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions [5, 11] . RNA from eight control flasks was pooled, as was RNA from eight treatment flasks [10, 15, 16] . The total RNA was further purified using a Qiagen RNeasy Mini Kit (Qiagen, Valencia, CA) [5, 11, 12] . The quality and quantity of the RNA samples were assessed by measuring the optical density of each sample at 260 nm followed by 280 nm (UV Mini 1240 Spectrophotometer; Shimadzu, Kyoto, Japan) [13] . To confirm the integrity of RNA, 10 µg of RNA from each sample was electrophoresed through a 1% agarose/formaldehyde gel containing ethidium bromide for approximately 2 hr. The 18S and 28S RNA bands were observed and no RNA degradation was detected [13] . The RNA samples were stored at −70
• C for microarray and reverse transcription-polymerase chain reaction (RT-PCR) analysis.
Microarray analysis
All procedures regarding the microarray completion and analysis were performed at the Genomics Core Facility at the Center for Biotechnology at the University of NebraskaLincoln. Using the purified total RNA from the control and H 2 O 2 samples as the templates, double-stranded complementary DNA (ds cDNA) was synthesized according to previously described protocols [5] . From the ds cDNA, biotinlabeled cRNA was synthesized and prepared for microarray hybridization [5] . Samples were then hybridized onto separate Human U133A GeneChips r (Affymetrix, Santa Clara, CA) according to the Affymetrix protocol. Using the GeneChip r Fluidics Station 450, the arrays were washed, then stained with streptavidin-phycoerythrin (SAPE), and the signals were amplified by staining with a biotinylated, anti-streptavidin antibody solution [5] . Fluorescence was measured with the Affymetrix GeneChip r Scanner 3000. Gene expression profiles were analyzed using the Affymetrix Microarray Suite (MAS) and Data Mining Tool (DMT) software. This GeneChip r software by Affymetrix processed array images from the scanner, corrected for background variation, normalized arrays for array-to-array comparison, and calculated statistics to indicate whether a gene transcript was present, marginally present, or absent, and to indicate whether a treatment gene transcript was significantly differentially expressed from the control [5, 11, 12] .
Because a large range of gene intensities was exhibited, the data were transformed to a log scale [10] . Results are expressed as a change, either increase or decrease, in expression level relative to the control for each gene. To minimize sample-to-sample variability, due to cell culture, extraction and purification of mRNA, cDNA synthesis, cRNA labeling, hybridization procedures, and signal detection, and to verify results, two independent experiments were completed [11, 15] . The absolute detection call (present, marginal, absent) and detection p-value were determined for each probe set in control and H 2 O 2 treatment arrays. A probe set, which represents a particular gene, was eliminated from analysis when the absolute detection call was absent on both control and H 2 O 2 treatment arrays in either or both of the experiments. The relative change call (increase, decrease, or no change), change p-value, and signal log ratio between H 2 O 2 -treated and control samples were then determined for each probe set. It was obligatory for probe sets to have a relative consistent change of intensity (increased or decreased) in both experiments. The average difference of gene expressions between control and H 2 O 2 -treated samples or signal log ratio of the two experiments was then calculated using DMT. Finally, all probe sets showing a change of expression in both experiments and having an average signal log ratio or fold change ≥0.40 or ≥1.32, respectively, were identified [10] . Genes represented by these probe sets were identified as the most consistently detected and most significantly changed after H 2 O 2 treatment.
RT-PCR
Confirmation of the expression changes observed in the microarrays of genes of interest was analyzed by semiquantitative RT-PCR [5, 11, 12] . Histone 1, H4F (H4FC), a gene that had no obvious change in mRNA levels during the experiment, was chosen for normalization in the RT-PCR [11] . From 1 µg of control and H 2 O 2 treatment total RNA, synthesis of cDNA via reverse transcription was accomplished using SuperScript TM III (Invitrogen, Carlsbad, CA) [11] . The reverse-transcribed generated cDNA was amplified by PCR using gene-specific primers of genes of interest as presented in Table 1 . One-microliter aliquots of the control and H 2 O 2 treatment cDNA were amplified separately with the specific forward and reverse primers of the gene of interest and the BD Advantage cDNA PCR Kit (BD Biosciences Clontech, Palo Alto, CA) containing Polymerase Mix. For amplification, PCR was carried out as follows: 1 min at 95
• C for one cycle and then denaturation for 1 min at 94
• C, annealing for 1 min at 55
• C, and elongation for 2 min at 72 • C, repeated for 18 to 32 cycles depending on the gene of interest. This procedure was completed in order to obtain a linear correlation between the amount of PCR product and template cDNAs [5] . Products were electrophoresed through 1% agarose gels with ethidium bromide [12] and band intensities were quantified using Kodak1D software. Results of RT-PCR were compared to array data to evaluate if fold changes of gene expression between the two methods were comparable.
Results
Flow cytometry
After treatment of the cells with increasing concentrations of H 2 O 2 (50-100 µM), viable Caco-2 cells were compared with apoptosis-associated nonrandom DNA fragmentation by FACS flow cytometry. More than 11,000 modeled events were counted for each sample. As depicted in Fig. 1 , the region designated the sub-G peak is indicative of apoptosisassociated nonrandom DNA fragmentation of cells treated with 50 µM H 2 O 2 . From these studies, it was determined that H 2 O 2 induced these apoptotic events in Caco-2 cells in a concentration-dependent manner (data not shown) The average numbers of apoptotic events were 3.1%, 3.1%, and 4.5% in Caco-2 cells subjected to 50, 75, and 100 µM H 2 O 2 , respectively. Although all three H 2 O 2 levels produced apoptotic events with averages less than the designated 5%, the 75 µM concentration was selected for two reasons. First, DNA damage was produced without significantly altering the viability of the cells. Second, one of the 100 µM concentration samples did exceed the 5% designated limit for apoptotic events. This was in agreement with Aherne and O'Brien [7] , who found that the 75 µM H 2 O 2 concentration did not significantly alter the viability of the cells but did produce significant DNA damage.
Microarray analysis
This study was conducted to evaluate the effects of H 2 O 2 on the expression of 12,931 genes in Caco-2 cells. For the vast majority of transcripts, expression was unchanged after H 2 O 2 treatment. From the two independent experiments, 108 probe sets, representing 87 genes of known identity, showed a change of expression. This represents < 1% of the total 12,931 genes represented on the array. There were 10 known genes detected that showed a change in expression, with redundant probe sets, and 7 unknown genes detected with a change in expression. Comparison of the expression patterns from the control and H 2 O 2 groups showed repression of 85 genes and the induction of two genes for the treated cells. Genes that altered expression were categorized using Batch Query NetAffx (Affymetrix, Santa Clara, CA) according to their gene title, gene symbol, biological process, molecular function, cellular component, and pathway. A list of these 87 genes, their average signal log ratio change, and their corresponding biological process are listed in Table 2 . Several genes involved in lipid synthesis, cell cycle and cell growth, angiogenesis, transcription and DNA repair, RNA processing and translation, protein processing and proteolysis, glucose production, cytoskeleton and cell-to-cell adhesion (Fig. 2) , and cell signaling were repressed by H 2 O 2 .
RT-PCR analysis
To verify expression changes seen from microarray results, mRNA levels of selected genes, fatty acid desaturase 2 (FADS2), phospholipid hydroperoxidase (GPX4), insulinlike growth factor 2 (IGF2), gastrointestinal glutathione peroxidase (GPX2), glutathione reductase (GSR), and cytochrome P450, family 2, subfamily B, polypeptide 6 (CYP2B6), were analyzed using semi-quantitative RT-PCR. FADS2 and IGF2 were selected because they showed a decrease in expression. CYP2B6 was chosen because it showed an increase in expression. GPX4 was selected because it showed no change in expression. GPX2 was selected because Caco-2 cells mimic the gastrointestinal epithelium. GSR was selected because it showed no change in expression in one experiment but showed a decrease in expression in the other experiment. The band intensities of the PCR products for each gene were quantified for each cycle, the fold change for each gene was calculated for each cycle, each calculated fold change was normalized, and then the average fold change for each gene was found.
Data showed that fold changes detected in both microarray and RT-PCR were comparable. GPX4 and GPX2, which showed no change in expression in both microarray experiments, revealed changes of expression calculated to be ±10% in the RT-PCR experiments, indicating basically no change. Replicate data generated from the microarray and from the RT-PCR methods showed that CYP2B6 expression increased in cells treated with H 2 O 2 compared to the control, although RT-PCR detected a higher percentage change. In the first GSR experiment, both microarray and RT-PCR data indicated a decrease in expression; however, the fold change in repression was greater in the microarray data compared to the RT-PCR data. Microarray and RT-PCR data for GSR in the second experiment similarly showed no change. Similarly for FADS2 and IGF2, both microarray and RT-PCR data in both experiments indicated a decrease in expression in the H 2 O 2 treatment group compared to the control; however, the fold change in repression was larger in magnitude in the microarray data compared to the RT-PCR data.
Discussion
Methodology interpretation
In this study, the first to apply oligonucleotide microarray techniques for evaluating the effects of H 2 O 2 treatment on the transcriptome of Caco-2 cells, expression levels in both microarray experiments of several genes of interest were confirmed by highly sensitive and specific semi-quantitative RT-PCR [17] . Quantification took place during the exponential phase and not the plateau phase [17] . Although the absolute values of fold induction/repression were not identical to those in the arrays, similar trends were observed. For example, comparable results between the arrays and RT-PCRs have been reported [5, 12, 17] .
For this study, the criterion for change in gene expression was lowered to a signal log ratio of ±0.40. Other scientists have noted [9, 10] that genes with smaller differences in expression ratios are reliable and should be considered for analysis, especially when replicate experiments are performed and confirmed by RT-PCR. Genes that show only a small change in expression levels may be the most relevant for product formation, resulting in enormous changes in metabolism. Perhaps each gene has a certain rate equation for the equilibrium maintained between mRNA levels and the corresponding enzyme or protein. There is also a high degree of variability in translational efficiency among the different mRNAs [9] . Thus, a lower signal log ratio as the criterion for change in expression can be used as long as the change in expression is verified by RT-PCR or other appropriate methods.
Because the goal of this study was to identify genes that were altered across a population, RNA samples were pooled to reduce expression changes introduced by individual natural Caco-2 sample variability as reported in other experiments using human tissue, including duodenal, composed of different cell types [5, 16] and using cell culture samples from different or the same passage levels [16] , including Caco-2 cells. It has also been found that fold ratios calculated from pooled comparisons correlated better with genes with significant p-values than fold ratios obtained from average comparisons [16] . Expression changes in cell culture are also influenced by cell density, cell viability, stage of cell cycle, and stage of cell growth [7] . Standardization of a test procedure, as in this study, is therefore necessary in order to identify consistent changes between replicate experiments.
Physiology interpretation
The current study exemplified the use of microarrays for the identification of a differential gene expression profile in Caco-2 cells in response to H 2 O 2 treatment. These results provide evidence of the variety of genes that are affected by oxidation. When the genes showing altered expression were categorized according to their known function, it appeared that H 2 O 2 down-regulated the expression of several genes that possibly could be involved in cell proliferation and growth. Inhibition of lanosterol synthase (LSS) and fatty acid desaturase 2 (FADS2) and of stearoyl-CoA desaturase (SCD) results in a decrease in endogenous cholesterol and unsaturated fatty acids, respectively. Since these lipids are components of cell membranes and cell proliferation involves the formation of cell membranes, the cell is unable to divide if these necessary components are not available [18] [19] [20] .
Evidence shows that repression of genes involved in cell cycle and cell growth has detrimental effects on cell proliferation success. S-phase kinase-associated protein 2 (SKP2) is an essential element of cyclin A-CDK2 S-phase kinase, which is required for the G 1 -to-S phase transition in the mitotic cell cycle [21] . Mariadason et al. demonstrated that a decrease in Caco-2 cell proliferation correlates with a lower percentage of these cells in the S phase [9] . Insulin-like growth factor 2 (IGF2) is a potent mitogen for in vitro cultured cells that promotes cell growth and proliferation. It is known as a progression factor and is required after the competence factors to promote cell proliferation [22] . In addition, integrin β4 possesses oncogenic and growth-promoting activity [23] . Nuclear mitotic apparatus protein 1 (NUMA1) is involved in reassembling the nucleus in late mitosis, during anaphase, and after the chromosomes have been captured, aligned, and separated [24] . Dedicator of cytokinesis 9 (DOCK9) is involved in DNA replication and is a component of the kinesin complex required for cytokinesis [25] . Cell proliferation cannot proceed if the cell cannot enter S phase and replicate DNA and if the cell cannot ultimately divide.
It has been shown that proliferating cells, including tumor cells, are able to induce angiogenesis required for growth [9] . Vascular endothelial growth factor (VEGF) and the VEGF receptor, neuropilin, both play important roles in angiogenesis and cell growth [11] . The repression of endothelial PAS domain protein 1 (EPAS1), a transcription protein that regulates and enhances VEGF expression and thus vascularization [26] , and neuropilin 2 (NRP2), a high-affinity VEGF receptor [27] , indicates an inhibition of cell growth and proliferation.
As cell proliferation ceases, various components of basal transcription could be down-regulated as was found in our research. MYC-associated zinc finger protein (MAZ), a DNA specific transcription factor, is a potent regulator of cell cycle progression and cell proliferation, and according to our studies, its down-regulation is critical for growth inhibition [9] . Also, zinc finger transcription factor Sp1 (SP1) binds to GC box promoter elements and selectively activates mRNA synthesis [28] . Other repressed genes involved in the regulation of transcription were nuclear receptor co-activator 2 (NCOA2) and nuclear receptor coactivator 3 (NCOA3), which are both involved in transcription coactivation [29] . The latter is involved in histone acetyltransferase activity, which promotes histone acetylation and dissociation from DNA. NCOA3 permits transcription by the recruitment of p300/CBP-associated factor and CREB binding protein as part of a multisubunit coactivation complex, and is involved in the coactivation of the NF-κB pathway by interacting with the NF-κB1 subunit [29] . Repression of these genes suggests a decrease in transcription. As cell proliferation decreases, genes involved in DNA repair are down-regulated [9] , as was shown in this study by the repression of XPA binding protein 2 (XAB2) and proteasome activator subunit 4 (PSME4). XAB2 is associated with RNA polymerase II and transcription-coupled nucleotide-excision repair [30] . PSME4 is involved in DNA repair possibly by recruiting proteasomes to double strand breaks [31] .
Down-regulation of components involved in RNA processing and translation is also a consequence of cell proliferation cessation [9] . DEAD box polypeptide 21 (DDX21) [32] and DEAH box polypeptide 9 (DHX9) [33] are RNA helicases. Both polypeptides unwind and fold RNA to generate multiple RNA secondary structures that then influence RNAbinding proteins [9] . In addition, DDX21 and DHX9 could be involved in RNA editing and splicing in the nucleus. Small nuclear ribonucleoprotein (sn-RNP) polypeptide E (SNRPE) is part of the spliceosome complex. It associates with the snRNPs U1, U2, U4-U6, and U5, which are all implicated in splicing [34] . After RNA editing, the RNA must be transported to the cytoplasm. A nuclear RNA-binding protein of the heterogeneous nuclear ribonucleoprotein (hnRNP) family that may have a role in nucleocytoplasmic RNA transport is hnRNP U-like 1 (HNRPUL1), which was down-regulated in this experiment [9] . Also, the translocated promoter region (TPR) gene has many roles in the intranuclear dynamics of RNA polymerase II transcripts, including their processing, intranuclear transport, and translocation through nuclear pore complexes to the cytoplasm [35] . Gene expression of nuclear pore complex interacting proteins (NPIP) [36] , ribosomal protein L37a (RPL37A), a component of the large 60S subunit [37] , and ribosome binding protein 1 (RRBP1), a ribosome receptor-like protein that mediates the interaction between the ribosome and the endoplasmic reticulum membrane [38] was repressed.
One gene involved in the mediation of translation initiation, eukaryotic translation initiation factor 4γ , 1 (EIF4G1), was down-regulated. EIF4G1 is an interface or scaffolding protein that binds the poly(A)-binding protein component of the initiation factors eIF4A, eIF4E, and eIF3 and has a binding site for the mRNA cap [39] . This protein is involved in recruiting mRNA to the ribosome. Solute carrier family 7, member 2 (SLC7A2) is a low-affinity, high-capacity permease involved in the transport of the cationic or basic amino acids after their metabolism [5] . Its gene expression was down-regulated along with aspartyl-tRNA synthetase (DARS). A decrease in any synthetase can initiate a constricted response of an increase in uncharged tRNAs and blocks further progress by the ribosome, thus decreasing the efficiency of translation.
After synthesis, proteins must be transported throughout the cell to specific organelles. ATPase, H + transporting, lysosomal (ATP6VOE), and coatomer protein complex, subunit α (COPA) both decreased in expression after the H 2 O 2 treatment. The former protein is a component of vacuolar ATPase and is important for sorting proteins [40] . The latter protein is a part of a non-clathrin-coated, vesicular-coated complex and is involved in the transport of proteins between the endoplasmic reticulum and the Golgi apparatus [41] . Coatomer protein complex can only be recruited to membranes associated with ADP-ribosylation factors, which are small GTPbinding proteins. ADP-ribosylation factor 3 (ARF3) is associated with intracellular protein transport from the Golgi apparatus [42] . Its expression was also down-regulated by H 2 O 2 .
Phosphodiesterase 4D, cAMP-specific (PDE4D) [43] is the enzyme catalyzing the breakdown of cAMP to AMP. Down-regulation of PDE4D allows cAMP, a second messenger, to accumulate in the cell and then cAMP-dependent protein kinase is activated. This kinase then activates phosphorylase kinase, resulting in the phosphorylation of glycogen phosphorylase. This phosphorylation activates the enzyme, therefore causing the breakdown of glycogen into glucose [43] . Glucose provides, in this situation, the much needed cellular energy when the cell is under stress from oxidation.
During cell division and cell proliferation proteins associated with the actin cytoskeleton, the cell membrane skeleton, and cell-to-cell adhesion are needed. Down-regulation of genes representing integrin β4, SHC transforming protein 1 (SHC1), paxillin (PXN), plakophilin 2 (PKP2), Lutheran blood group (LU), poliovirus receptor-related 1 (PVRL1), plectin 1 (PLEC1), tropomodulin 3 (TMOD3), protein tyrosine kinase 9 (PTK9), filamin A, α (FLNA), and IQ motif containing GTPase activating protein 1 (IQGAP1) could indicate an inhibition of cell growth. ITGB4 is involved in the formation of hemidesmosomes of epithelial cells and forms very stable integrin-mediated cell adhesions to the extracellular matrix [44] . ITGB4 mediates transduced signals that regulate cell growth. SHC1 is a ras adapter that is associated with a particular phosphorylation tyrosine pattern on ITGB4 [44] . By attaching to ITGB4, a receptor tyrosine kinase, SHC1 is a positive regulator of cell proliferation and cell mitosis or division [45] . ITGB4 is also linked to the structural protein PXN that is localized to focal adhesions, which are the sites of integrin-mediated cell adhesion to the extracellular matrix [46] . PKP2 is a structural protein associated with desmosomes and cell-to-cell adhesion [47] . PLEC1 is an intracellular component of the hemidesmosome involved in cytoskeletal anchoring. It is an intermediate filament binding protein that cross-links intermediate filaments and connects them to other cell structures and other cells [48] . TMOD3 is a component of the junctional complex in the cytoskeleton of the cell membrane binding with actin and tropomyosin [49] .
PTK9 [50] and FLNA are cross-linking actin binding proteins that make up the actin cytoskeleton. FLNA links actin filaments to membrane glycoproteins, serving as a scaffold for a wide range of cytoplasmic signaling proteins, such as NF-κB [51] . IQGAP1 [52] associates with calmodulin and serves as an assembly scaffold for the organization of a multimolecular complex. This complex coordinates incoming signals to the reorganization of the actin cytoskeleton at the plasma membrane. No reorganization of the actin cytoskeleton at the plasma membrane is needed if cells do not proliferate as was in this case.
UDP-Gal:βGlcNAc β1,4-galactosyltransferase, polypeptide 1 (B4GALT1) is responsible for synthesizing certain cell surface glycolipids and glycoproteins that function as recognition molecules for cell to cell and cell to matrix interactions [53] . Oxidation of Caco-2 cells by H 2 O 2 down-regulated B4GALT1 expression as well, implicating a discontinuance of cell-to-cell communication and cell growth.
Receptor tyrosine kinases (RTKs) play a critical role in the stimulation of proliferation by binding growth factors. After the dimerization of RTKs, their autophosphorylation begins an intracellular signaling cascade that instigates or initiates cell proliferation and growth. ITGB4 [23] , met proto-oncogene (MET) [54] , interleukin 6 signal transducer (IL6ST) [55] , fibroblast growth factor receptor 1 (FGFR1) [56] , and low-density lipoprotein receptor-related protein 5 (LRP5) [57] are cell surface receptors-and all but the last are RTK-like-that are positive regulators of cell proliferation. The gene expression of these receptors was downregulated by H 2 O 2 in this experiment, indicating a halt in cell proliferation. Following autophosphorylation, RTKs transmit the intracellular signal via proteins containing Src homology 2 (SH2) and 3 (SH3) domains. Consistent with the down-regulation of several RTKs, both SH2-domain SHC1 and SH3-domain GRB2-like endophilin B2 (SH3GLB2) [58] mRNAs were down-regulated as well. A guanine nucleotide exchange factor (GEF) then induces Ras to exchange its bound GDP for GTP, thus activating it. Again, in this experiment, Rap GEF (RAPGEF1) [59] , which binds to the SH3 domain of GRB2/ASH and transduces the signal to activate Ras, was down-regulated, indicative of cessation of cell proliferation. Direct interaction between Ras-GTP and a serine/threonine kinase then transduces the signal downstream, which consists of a linear cascade of serine/threonine kinases ending in the phosphorylation of nuclear transcription factors by a mitogen-activated protein kinase (MAPK). One rac-B-serine/threonine kinase repressed by H 2 O 2 was v-akt murine thymoma viral oncogene homolog 2 (AKT2) [60] . Ultimately, the nuclear transcription factor MYC-associated zinc finger protein was repressed.
Results of this microarray study provide the first global assessment of H 2 O 2 -sensitive genes in Caco-2 cells. The decrease in expression of genes involved in lipid synthesis, cell cycle progression and cell division, angiogenesis, transcription and DNA repair, RNA processing and translation, protein transport and proteolysis, cAMP metabolism, cytoskeleton and cell-to-cell adhesion, RTKs, and intracellular and extracellular signaling may provide insight into the molecular mechanisms underlying the inhibition of cell growth and proliferation in Caco-2 cells after oxidation with H 2 O 2 .
